Abstract-Whereas VLDL has consistently been shown to induce a concentration-dependent increase in the expression of plasminogen activator inhibitor-1 (PAI-1) in human umbilical vein endothelial cells (HUVECs) and liver cells, variable effects have been reported for native and oxidatively modified LDL. In the present study, activation of PAI-1 protein and mRNA expression by native LDL (nLDL), UV-oxidized LDL (uvLDL), and triglyceride (TG)-enriched LDL was studied in HUVECs by using different incubation times and a wide range of lipoprotein concentrations. No significant increase of PAI-1 protein expression was observed after 4 hours of incubation with nLDL or uvLDL. However, PAI-1 protein secretion from HUVECs was markedly enhanced after 18 hours of incubation with uvLDL (200% increase at 10 g/mL). Stimulation of PAI-1 protein expression in HUVECs by nLDL was seen, however, after increasing the TG content of the LDL particle. LDL enriched in phospholipid had no effect on PAI-1 secretion. PAI-1 mRNA levels on northern blot increased in parallel with the activation of PAI-1 protein expression by native and modified forms of LDL. Low concentrations of TG-enriched LDL (10 g/mL) and higher concentrations of nLDL and uvLDL (100 g/mL) were found to increase the binding of a VLDL-inducible transcription factor to the PAI-1 promoter. These results indicate that the TG content of the LDL particle influences PAI-1 expression in endothelial cells. Low concentrations of uvLDL enhanced PAI-1 protein and mRNA expression in the HUVECs after an 18-hour incubation but did not influence the VLDL-inducible transcription factor. This suggests that low levels of oxidized LDL increase PAI-1 expression by a different mechanism than VLDL and TG-enriched LDL. (Arterioscler Thromb Vasc Biol.
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ncreased plasma plasminogen activator inhibitor-1 (PAI-1) activity causing low endogenous fibrinolytic capacity is a common finding in patients with manifest coronary heart disease 1 and is associated with recurrence of cardiovascular events. [2] [3] [4] [5] The mechanism is considered to be coronary thrombosis, as PAI-1 is a rapid inhibitor of tissue-type plasminogen activator, which converts plasminogen to the proteolytic enzyme plasmin on fibrin deposits on injured arterial endothelium. However, elevated PAI-1 expression has also been found in atherosclerotic plaques, suggesting that PAI-1 may play a role in atherogenesis as well. 6 -8 PAI-1 synthesis is regulated by a large number of substances, 9 and both environmental and genetic factors contribute to determine plasma PAI-1 activity. 10 A striking feature of PAI-1 is its positive association with the VLDL triglyceride (TG) concentration. 11 VLDL has consistently been shown to induce a concentration-dependent increase in PAI-1 expression in cultured human umbilical vein endothelial cells (HUVECs) [12] [13] [14] and liver cells. 13, 15 In contrast, variable effects have been reported for native and oxidatively modified LDL. Native LDL (nLDL) has generally been shown not to induce PAI-1 synthesis, 14, 16, 17 unless high concentrations or prolonged incubation times (48 hours) are used. 12, 18 LDL oxidized by UV light (uvLDL) stimulates the synthesis and secretion of PAI-1 from cultured endothelial cells, 16 whereas either stimulation, 17 no effect, 12 or reversal of nLDL-induced effects 18 has been obtained with more drastic peroxidation using copper. Increased PAI-1 secretion by HUVECs in culture has been reported when LDL was modified by acetylation. 18 Finally, Lp(a), an LDL-like lipoprotein containing the unique apo(a), which is structurally related to plasminogen, has been shown to induce PAI-1 secretion from HUVECs. 19 The molecular mechanism(s) by which VLDL and modified LDL initiate secretion of PAI-1 from endothelial and liver cells needs further clarification. So far, the LDL receptor has been implicated in the interaction between VLDL and endothelial cells that results in secretion of PAI-1, 12 whereas LDL effects do not appear to be dependent on interactions with the LDL receptor. 16, 18 The mechanisms underlying the effect of mildly oxidized LDL include hydrolysis of membrane phosphatidylinositol through activation of phospholipase A 2 , 20 whereas more drastic, copper-induced peroxidation causes stimulation of PAI-1 secretion by transferable hydrophilic lipids, especially lysophosphatidylcholine. 17 Recent studies on the molecular mechanisms by which VLDL increases PAI-1 expression in endothelial cells have identified a VLDL-response element in the promoter region of the PAI-1 gene locus. 21 In HepG2 cells, on the other hand, VLDL does not increase PAI-1 gene transcription but instead stabilizes the 2 PAI-1 mRNA transcripts. 15 Whereas considerable progress has been made in the understanding of the VLDL effects on PAI-1 expression, results on LDL are not consistent and the corresponding mechanisms less clearly delineated, not the least because of differences in experimental protocols used in the studies published so far. In the present study, enhancement of PAI-1 protein and mRNA expression by nLDL, uvLDL, and TGenriched LDL (TG-LDL) was studied in HUVECs, using different incubation times. In addition, the 3 LDL preparations were examined with respect to their ability to induce binding of the VLDL-inducible transcription factor 21 to the PAI-1 promoter. It was hypothesized that the TG content of the LDL particle influences PAI-1 expression in endothelial cells and that minimally modified LDL induces increased PAI-1 expression by a mechanism differing from that of TG-rich LDL.
Methods

Cell Culture
HUVEC cells were isolated from umbilical cords obtained at normal deliveries. The umbilical vein was canulated and perfused with 50 mL of PBS to remove any blood. Then, the vein was filled with 20 mL of 0.1% collagenase dissolved in PBS and incubated for 15 minutes at 37°C. The collagenase solution was drained from the cord and collected, and the cord was gently flushed with 20 mL of PBS, which was added to the collagenase solution. The cells in these pooled solutions were recovered by centrifugation at 200g for 5 minutes and seeded out on 9-cm culture dishes in M199 medium with 20% FCS, antibiotic/antimycotic (Sigma A-9909), and 8 g/mL endothelial cell growth supplement (Collaborative Biomedical Products). The medium was changed 24 hours later. The cells were subcultured when confluent onto 0.2% gelatin (in PBS)-coated dishes. Cells from pooled multiple cords were used for experiments up until the fifth passage. Cell viability was tested by using trypan blue.
Lipoprotein Preparation
Pooled plasma from normolipidemic subjects was used for isolating plasma lipoproteins. Venous blood was drawn into Vacutainer tubes containing Na 2 EDTA (1.4 mg/mL) and chilled to 4°C immediately on collection, and plasma was recovered by low-speed centrifugation (1400g for 20 minutes). VLDL 22 and LDL 23 were isolated from normal human plasma by density gradient ultracentrifugation, using SW 40 swinging bucket rotors in an L8 -55 ultracentrifuge (Beckman). The LDL fraction (density, 1.025 to 1.050 kg/L) was collected as the yellow band located between 4 and 5 cm from the bottom of the centrifuge tube 23 and desalted by passage over a Sephadex rG-25 M PD-10 column (Pharmacia). The protein concentration was determined by the method of Lowry et al. 24 LDL was oxidatively modified by a 2-hour exposure to 254-nm UV light. 25 TG-LDL was isolated from plasma that had been incubated with 1 mg/mL VLDL overnight at 37°C. 26 For control purposes, plasma was incubated with an equivalent volume of PBS overnight at 37°C, before isolation of the LDL (PBS-LDL). All LDL preparations were filter-sterilized through a 0.2-m syringe filter (Sartorius AG) before addition to the culture medium. VLDL preparations were run through a 0.45-m filter.
Modifications of the LDL preparations were analyzed by agarose gel electrophoresis 27 and SDS-polyacrylamide gel electrophoresis. 28 Peroxidation of the lipoprotein preparations was measured by using the LPO-586 colorimetric assay (Bioxytech SA). The degree of LDL oxidation was expressed as nanomoles of malondialdehyde (MDA) equivalent per milligram of LDL protein. The presence of endotoxin in the lipoprotein preparations was determined by using a quantitative chromogenic Limulus Amebocyte lysate assay (COATEST Endotoxin, Endosafe Inc). All lipoprotein preparations used in the described experiments had endotoxin levels Ͻ0.1 ng/mg of LDL protein.
Determination of PAI-1 Protein Secretion
Confluent cultures of HUVECs were incubated for 24 hours at 37°C in M199 containing 0.1% BSA. This incubation was followed by either a 4-hour or an 18-hour incubation at 37°C with added lipoproteins. In the 4-hour incubations, the lipoprotein-containing medium was replaced at 4 hours with medium containing 0.1% BSA. In both instances, a sample of the conditioned medium was collected 18 hours after the initial lipoprotein addition and stored at Ϫ70°C until analysis. After centrifugation of the conditioned medium at 10 000 rpm for 5 minutes, the PAI-1 protein concentration in the medium was quantified by using an ELISA (TintELIZE PAI-1, Biopool) that detects active and inactive (latent) forms of PAI-1 as well as tissue-type plasminogen activator/PAI-1 complexes. The cells were trypsinized and counted. PAI-1 secretion was quantified as nanograms of PAI-1 per 10 4 cells, and the results were expressed as a percentage of control (no lipoprotein added). The basal secretion of PAI-1 from HUVECs was 100 to 150 ng/10 5 cells.
Analysis of PAI-1 mRNA Expression
Confluent cultures of HUVECs were incubated for 24 hours at 37°C in M199 medium with 0.1% BSA. After this incubation, the cells were incubated for 4 hours or 18 hours with various lipoprotein preparations. At this point, the medium was aspirated and the cells were homogenized and the mRNA was isolated according to the Rneasy handbook (QIAGEN). Northern blotting and hybridization on DuPont GeneScreen Plus nylon membranes (NEN Research Products) were performed according to the manufacturer's protocol. Blots were hybridized with 10 6 cpm/mL [␣-32 P]dCTP-labeled SfiI and BglII fragment (1255 bp) of the cDNA for PAI-1 (courtesy of Dr Tor Ny, Department of Biochemistry and Biophysics, University of Umeå, Sweden).
Electromobility Shift Assay (EMSA)
Nuclear extracts were prepared according to Alksnis et al. 29 In brief, cells at near confluence from one 9-cm Petri dish were harvested and washed in ice-cold PBS. and gently shaken for 30 minutes at 4°C. After centrifugation for 15 minutes, the supernatant was used directly in electromobility shift analysis. All buffers were supplemented freshly with 0.7 g/mL leupeptin, 16.7 g/mL aprotinin, 0.5 mmol/L PMSF, and 0.33 L/mL 2-mercaptoethanol. The protein concentration in the extracts was estimated by the method of Kalb and Bernlohr. 30 Incubation for EMSA was conducted as described 31 and applied on a 7% (wt/vol) polyacrylamide/bisacrylamide (80:1) gel and electrophoresed in 0.25ϫ Tris-Gorate EDTA buffer for 2 hours at 200 V.
DNA Constructs for EMSA
For EMSAs, a double-stranded oligonucleotide containing a VLDLresponse element (CGGGGAGTCAGCCGTGTATCATCGGAG-GCGGCCGGGC) of the human PAI-1 promoter was designed as described earlier. 21 The probe was end-labeled with [␥-32 P]ATP, using T4 polynucleotide kinase. 32 
Data Analysis
The amount of PAI-1 secreted from HUVECs was expressed as a meanϮSD value. Comparisons of the PAI-1 secretion obtained at the different LDL concentrations were made by Student's unpaired 2-tailed t test.
Results
HUVECs were exposed to nLDL or uvLDL for either 4 or 18 hours. In the 4-hour incubations, lipoproteins were replaced after 4 hours with medium and the incubation continued for an additional 14 hours before the medium was harvested and the cells counted. No significant stimulation of PAI-1 protein expression was observed after a 4-hour incubation with nLDL or uvLDL (data not shown). However, the PAI-1 protein secretion was markedly increased after incubation with 10 g/mL (203Ϯ16% [meanϮSD] of control, Pϭ0.066) and 50 g/mL (304Ϯ15% [meanϮSD] of control, PϽ0.05) uvLDL for 18 hours (Figure 1) . A small increase was seen at intermediate concentrations of uvLDL (120% of control at 20 g/mL, NS). In contrast, nLDL did not significantly influence the PAI-1 secretion from HUVECs after an 18-hour incubation. Signs of cell toxicity, as determined by trypan blue exclusion and cell detachment, were not present in samples of endothelial cells incubated for 18 hours with nLDL or uvLDL in the 0 to 100 g of protein/mL concentration range.
The plasma PAI-1 activity correlates positively with the serum or VLDL TG concentration. 11 Furthermore, VLDL enhances PAI-1 secretion from HUVECs in vitro, [12] [13] [14] and this activation is abolished by blocking antibodies directed against the LDL receptor. 12 As both VLDL and LDL particles bind to the LDL receptor, whereas only VLDL enhances PAI-1 secretion from endothelial and liver cells in culture, the TG content of the lipoprotein particle might be important for the induction of PAI-1. To test this hypothesis, TG-enriched LDL particles, prepared by incubating plasma with VLDL before the isolation of LDL, and PBS-LDL as control, were incubated with HUVECs. As shown in Figure 2 , the stimulation of PAI-1 protein secretion by LDL was enhanced by increasing the TG content of the LDL particle. When the TG-to-protein ratio was increased by 46%, compared with the PBS-LDL, the PAI-1 secretion from HUVECs exposed to 0 to 100 g/mL TG-LDL for 4 hours was significantly (PϽ0.01, PϽ0.05, PϽ0.001, PϽ0.001, and PϽ0.05 at 8, 10, 20, 50, and 100 g/mL LDL, respectively) increased compared with PBS-LDL (Figure 2 ). Individual preparations of TG-LDL had different ratios of TG to protein. The increase in PAI-1 secretion from HUVECs seemed to be directly proportional to the TG content of the LDL preparation (Figure 2 ). LDL that had been enriched in phosopholipid had no effect on PAI-1 secretion (data not shown). To further study the effects of TGs on PAI-1 expression, we incubated HUVECs with a TG emulsion (Intralipid, Pharmacia) and measured the PAI-1 release into the medium. As demonstrated in Figure 3A and 3B, addition of 1 to 5 mg/mL Intralipid resulted in a significant increase in PAI-1 secretion from HUVECs.
Analysis of lipid peroxides in the different preparations of LDL showed that uvLDL contained significantly more lipid peroxides than the nLDL preparations, whereas TG-LDL and PBS-LDL consistently had similar levels of lipid peroxides that were intermediate to nLDL and uvLDL (Table) . SDSpolyacrylamide gel electrophoresis of the LDL preparations demonstrated that apoB100 was not degraded in any of the preparations (data not shown). Agarose gel electrophoresis, on the other hand, showed that TG-LDL and PBS-LDL displayed greater mobility than did preparations of native LDL or LDL in unfractionated plasma. uvLDL also consistently had enhanced mobility (Figure 4) . The enhanced, but HUVECs were exposed to TG-LDL or control PBS-LDL for 4 hours. TG-LDL (27% and 46% increase in TG content compared with PBS-LDL) was generated by incubating plasma with 1 mg/mL VLDL overnight at 37°C before isolating the LDL fraction. PBS-LDL obtained by incubating plasma with an equivalent volume of PBS instead of VLDL before the LDL fractionation was used as a control for LDL oxidation during the incubation procedure. Lipoproteins were replaced with medium after 4 hours and the incubation continued for an additional 14 hours before PAI-1 protein was measured in the medium and the cells were counted. Each data point represents the meanϮSD of 2 to 4 experiments performed in triplicate. The results are expressed as percent increases in PAI-1 over control (no lipoproteins added).
equivalent, mobility of TG-LDL and PBS-LDL indicates that the effect of TG-LDL on PAI-1 secretion is not caused by increased lipid peroxidation.
Northern blot analysis of mRNA levels confirmed the results shown above concerning the stimulation of PAI-1 by native or modified forms of LDL. Figure 5A through 5C shows a representative northern blot analysis of the mRNA recovered from HUVECs. Figure 5A shows the mRNA levels after 18 hours of exposure to uvLDL. Both the 3.2-kb and the 2.2-kb PAI-1 transcripts were enhanced by 10 to 100 g/mL uvLDL. Neither uvLDL nor nLDL increased PAI-1 mRNA levels after a 4-hour incubation with the HUVECs ( Figure  5B ). However, TG-LDL (10 to 100 g/mL) induced an increase in both the 3.2-kb and the 2.2-kb transcripts of PAI-1 mRNA ( Figure 5B and 5C) after a 4-hour incubation. VLDL has recently been shown to activate binding of a transcription factor to the PAI-1 promoter. 21 An EMSA was performed, to investigate whether native LDL or modified forms of LDL also influenced the binding of this factor. Nuclear extracts were prepared from HUVECs incubated with various lipoprotein preparations. As shown in Figure 6 , the binding of the VLDL-inducible factor was markedly enhanced by 10 g/mL TG-LDL ( Figure 6 , lane 6) relative to the same concentration of nLDL, uvLDL, or PBS-LDL. Higher concentrations (100 g/mL) of nLDL and uvLDL also induced this transcription factor. In addition, when HUVECs were incubated with PBS-LDL with a total amount of TGs equal to 10 g/mL TG-LDL, a similar increase in binding of the transcription factor was obtained by the 2 lipoprotein preparations (Figure 7) .
Discussion
In the present study, we have characterized the effects of nLDL, minimally modified LDL (uvLDL), and TG-LDL on the activation of PAI-1 protein secretion and mRNA expression in HUVECs, using different incubation times and a wide range of lipoprotein concentrations. In particular, the parallel use of 4-hour and 18-hour incubations allowed us to differentiate direct effects of the various lipoprotein preparations from effects that are likely to be the result of endothelial cell-induced oxidation of lipoproteins.
Consistent with most previous studies, 14, 16, 17 we found no significant activation of PAI-1 synthesis by nLDL in HUVECs. In addition, our results suggest that minimal modification of LDL in vitro by UV radiation is not in itself sufficient to stimulate PAI-1 protein or mRNA expression in endothelial cells. Only when uvLDL was incubated with the HUVECs for 18 hours did it activate PAI-1 secretion, whereas no effect was obtained after a 4-hour incubation. This suggests that further modification of the uvLDL by the HUVECs is required to produce an oxidation product that induced PAI-1 expression. Our data on nLDL do not support the concept that nLDL enhances PAI-1 secretion by endothelial cells 18 at concentrations corresponding to those found in plasma of normolipidemic or mildly to moderately hyperlipidemic individuals. Although inferences made from in vitro findings to the in vivo situation are hazardous, it is noteworthy that the plasma PAI-1 activity of nondiabetic, type IIa hypercholesterolemic patients with coronary heart disease has been found to be similar to the PAI-1 activity distribution of an age-matched segment of the general population. 11 In contrast, our results concerning uvLDL extend the work of Latron et al, 16 who demonstrated a potent activation of PAI-1 secretion by HUVECs incubated with uvLDL for 24 hours.
The LDL TG content is determined by a process mediated by plasma lipid transfer proteins and is increased in response to elevated plasma chylomicron and VLDL TG levels. 33, 34 This process can be augmented in vitro by incubating plasma with purified VLDL to produce LDL with a higher-thannormal TG content. 26 Analysis of the TG-enriched LDL particles produced in vitro revealed no change in apoE content. 26 TG-LDL prepared in this manner proved to be a particularly potent activator of PAI-1 protein and mRNA in HUVECs. Analysis of the lipid peroxidation of the LDL preparations indicated that the potent stimulation of PAI-1 protein and mRNA correlated with the TG content of the TG-LDL and did not depend on enhanced lipid peroxidation. Previously, Stiko-Rahm et al 12 did not observe an increase in PAI-1 secretion from HUVECs in the presence of LDL isolated from hypertriglyceridemic plasma. Oxidative modification during the long (48 hours) incubation period used in the previous study is likely to explain this discrepancy, as the TG content of the LDL particle is a major determinant of its proneness to oxidative modification. 35 In the present study, incubation of HUVECs with TG-LDL was terminated at 4 hours, to differentiate the effects caused by TG enrichment from those of oxidation in culture.
In vitro VLDL activates secretion of PAI-1 from cultured HUVECs, [12] [13] [14] 36 with VLDL isolated from hypertriglyceridemic individuals having a greater effect on HUVECs than VLDL from normotriglyceridemic individuals. 12 Recently, part of the molecular mechanism by which VLDL increases PAI-1 synthesis in endothelial cells has been clarified. 21 A region of the PAI-1 promoter located adjacent to the binding site of the 5G allele-specific factor 37 binds a VLDL-inducible transcription factor. In the present study, EMSA performed with HUVEC nuclear extracts and a probe containing the VLDL-responsive element has shown that TG-LDL induces the same transcription factor at both low and high concentrations. In contrast, only high concentrations of nLDL and uvLDL induce this factor. This suggests that high amounts of LDL TGs, whether provided by a high number of nLDL or uvLDL particles or a lower number of TG-enriched LDL particles, induce the same transcription factor as VLDL and that the TG content of the LDL particle is a determinant of PAI-1 expression in endothelial cells. Furthermore, it can be envisioned that apoB-containing TG-rich lipoprotein particles are merely vehicles facilitating the TG entry into the endothelial cell, as we have shown that similar effects can be obtained with TG emulsion particles that obviously do not use the LDL receptor for cellular uptake.
Low concentration of uvLDL (10 g/mL) enhanced PAI-1 protein and mRNA expression in the HUVECs after an 18-hour incubation but did not activate the VLDL-inducible transcription factor. In contrast to uvLDL, low concentration of TG-LDL activated the VLDL-inducible transcription factor, suggesting that PAI-1 stimulation by low levels of oxidized LDL is mediated by a different mechanism than that of VLDL and TG-LDL. The alternating pattern in Figure 1 could be a result of oxidized LDL at the low concentration and of TGs at the higher concentrations. Recent studies have shown that low levels of oxidized LDL (8 g/mL) induce the release of the cytokine tumor necrosis factor-␣ (TNF␣) in monocytes. 38 However, no induction of TNF␣ was observed at high LDL concentrations. TNF␣ also induces PAI-1 in endothelial cells. 39 Whether low concentrations of oxidized LDL can induce TNF␣ and/or other cytokines in endothelial cells, which then induce PAI-1 in an autocrine manner, must be examined in future studies.
The fairly heterogeneous PAI-1 responses to various LDL preparations observed in previous studies are likely to depend on differences in LDL composition and experimental conditions. Differences in cell passage, supplementation with growth factors, and incubation times belong to the latter category. As Lp(a) has been shown to increase PAI-1 synthesis and secretion by endothelial cells, 19 the possibility also exists that LDL preparations have contained variable amounts of Lp(a) that enhance PAI-1 secretion. However, this was an unlikely situation in the present study because the density cuts used for isolating LDL (1.025 to 1.050 kg/L) would preclude significant contamination with Lp(a).
VLDL and modified LDL subspecies are likely to impair the fibrinolytic activity at the endothelial surface and promote fibrin deposition, which would favor thrombus formation in the event of plaque rupture. The molecular mechanisms explaining the activation of PAI-1 synthesis in endothelial cells by apoB-containing lipoproteins largely remain to be clarified.
